Initiation of zygotic transcription in mammals is poorly understood. In mice, zygotic transcription is first detected shortly after pronucleus formation in 1-cell embryos, but the identity of the transcribed loci and mechanisms regulating their expression are not known. Using total RNA-Seq, we have found that transcription in 1-cell embryos is highly promiscuous, such that intergenic regions are extensively expressed and thousands of genes are transcribed at comparably low levels. Striking is that transcription can occur in the absence of defined core-promoter elements. Furthermore, accumulation of translatable zygotic mRNAs is minimal in 1-cell embryos because of inefficient splicing and 3 0 processing of nascent transcripts. These findings provide novel insights into regulation of gene expression in 1-cell mouse embryos that may confer a protective mechanism against precocious gene expression that is the product of a relaxed chromatin structure present in 1-cell embryos. The results also suggest that the first zygotic transcription itself is an active component of chromatin remodeling in 1-cell embryos.
Introduction
The oocyte-to-embryo transition (OET) entails a dramatic reprogramming of gene expression and conversion of a differentiated transcriptionally quiescent oocyte to totipotent blastomeres (De La Fuente & Eppig, 2001; Abe et al, 2010) . The timing of zygotic genome activation (ZGA) is species dependent. Genome activation in mice is the earliest for mammals studied to date; the first wave of transcription (also referred to as the minor ZGA wave) starts at the mid-1-cell stage shortly after pronucleus formation, as evidenced by BrdU incorporation (Bouniol et al, 1995; Aoki et al, 1997) and expression of sperm-borne transgenes (Matsumoto et al, 1994) . Although repetitive elements, for example, B2-containing sequences (Vasseur et al, 1985) and MuERV-L (Kigami et al, 2003) , are expressed in 1-cell mouse embryos, transcription of single-copy genes is poorly understood, as is their function, which is not necessary for cleavage to the 2-cell stage (Warner & Versteegh, 1974) .
Studies using plasmid-borne reporter genes have provided insights regarding mechanisms that govern transcription in 1-cell embryos. These studies demonstrated that reporter gene expression in 1-cell embryos does not require an enhancer for efficient expression, whereas an enhancer is required for efficient expression in 2-cell embryos (Wiekowski et al, 1991; Majumder et al, 1993) . Thus, 1-cell embryos are transcriptionally permissive, but development to the 2-cell stage is accompanied by formation of a transcriptionally repressive state (DePamphilis, 1993) and genome-wide accumulation of repressive histone modification marks (Santos et al, 2005) . This developmental change in transcriptional regulation involves DNA replication at the 2-cell stage because an enhancer is not required for efficient transcription when 2-cell embryos were treated with aphidicolin, which inhibits DNA replication (Wiekowski et al, 1991; Majumder et al, 1993; Henery et al, 1995; Forlani et al, 1998) . The transcriptionally repressive state likely stems from chromatin structure because increasing histone acetylation in 2-cell embryos by treating the embryos with butyrate, an inhibitor of histone deacetylase, relieves the requirement for an enhancer for efficient expression of the reporter gene (Majumder et al, 1993; Wiekowski et al, 1993) . Similar conclusions were reached using expression of the 2-cell transiently expressed endogenous Eif1a gene (Davis et al, 1996) .
Microarray profiling identified zygotic mRNA expression at the 2-cell (major ZGA wave) but not the 1-cell stage (Hamatani et al, 2004; Wang et al, 2004; Zeng & Schultz, 2005) . This finding suggests that mRNAs are either not expressed or microarray profiling is not sensitive enough to detect mRNAs produced during minor ZGA. More recent high-throughput sequencing (HTS) experiments identified hundreds of different mRNAs with increased abundance in 1-cell embryos (Park et al, 2013; Xue et al, 2013; Deng et al, 2014) . However, due to increased RNA adenylation in 1-cell embryos (Piko & Clegg, 1982) , poly(A) RNA sequencing results are difficult to interpret as they might reflect polyadenylation changes and not 1-cell transcription per se (Xue et al, 2013; Deng et al, 2014) . The most comprehensive study regarding transcription in 1-cell embryos to date used SOLiD sequencing after ribosomal RNA depletion and identified~600 genes upregulated > 1.5-fold between the oocyte and 1-cell embryo (Park et al, 2013) .
In this study, we employed total RNA sequencing to identify sequences transcribed in 1-cell embryos and to gain understanding about mechanisms that govern their expression. We show that pervasive transcription occurs in intergenic regions including many transposons whose transcription continues far into their genomic flanks; transcription can occur independently of defined corepromoter elements; over four thousand genes are transcribed in 1-cell embryos with~5% being transcribed transiently; the majority of genes transcribed in 1-cell embryos are also transcribed in 2-cell embryos when the major wave of genome activation occurs; and mRNAs transcribed at the 1-cell stage are mostly nonfunctional because their 3 0 end processing and splicing are highly inefficient.
Results

Global analysis of the first wave of transcription
To explore the first wave of zygotic transcription, we characterized total RNA in metaphase II-arrested eggs (MII eggs) and embryos by HTS. We sequenced total RNA rather than selecting poly(A)-containing RNA (poly(A) RNA) because extensive RNA polyadenylation that occurs post-fertilization would be difficult to distinguish from bona fide zygotic mRNA synthesis (Piko & Clegg, 1982; Oh et al, 2000; Meijer et al, 2007) . In addition, the RNA was not amplified to further minimize any deviation from the initial distribution of mRNAs. We isolated RNA from two sets of MII eggs and 1-cell embryos and one set of 2-cell and 4-cell embryos, morulae, and blastocysts. We also prepared RNA from 1-cell embryos in which transcription was inhibited by 5,6-dichlorobenzimidazole riboside (DRB), an inhibitor of RNA polymerase II activity (Sehgal et al, 1976) , and 2-cell embryos treated with the DNA replication inhibitor aphidicolin (Bucknall et al, 1973) (Supplementary Table S1 ).
Libraries from two sets of MII eggs and 1-cell embryos were subjected to 35-nt single-end sequencing (35SE); one set from each stage was subjected to 76-nt paired-end (76PE) sequencing with depths of 33-58 × 10 6 (Supplementary Table S1 ). Analysis of the sequencing results showed a high degree of reproducibility among the duplicate sets as well as for biological replicates ( Supplementary  Fig S1A) . Comparison of our 76PE Illumina data and 50SE SOLiD data obtained by sequencing of total RNA depleted of ribosomal RNA from identical stages (Park et al, 2013) showed a high concordance of the signal distribution along chromosomes (r 2 =~0.8, Supplementary Fig S1B) and a good similarity of transcriptome changes between different stages (r 2 =~0.6, Supplementary Fig   S1C) , confirming the overall reproducibility of our data. The relative abundance of rRNA, repetitive sequences, annotated mRNAs, and unique sequences in the individual libraries were consistent with previous measurements (Fig 1A and Supplementary  Fig S1D) (Piko & Clegg, 1982) . For example, the fraction of mRNA in MII eggs and early cleavage-stage embryos is greater than that in somatic cells-for example, mRNA makes 2.5% of total RNA mass in HeLa cells (Jackson et al, 2000) -and the decline in the relative abundance of mRNA between the MII egg and 2-cell embryo correlates with the known degradation of maternal mRNA during this developmental period (Bachvarova & De Leon, 1980; Piko & Clegg, 1982) . The fraction of mRNA was somewhat higher than previously reported (Piko & Clegg, 1982) , which likely reflects that total RNA for HTS was size-selected for RNAs > 200 nt, causing a higher incidence of mRNAs in sequenced libraries. The small increase in the representation of rRNA and repeat-derived sequences at the expense of mRNA-derived reads in 1-cell embryos (Fig 1A) could be a consequence of ongoing maternal mRNA degradation in 1-cell embryos and/or new transcription of rRNA and retrotransposons. The frequency of 5 0 external transcribed spacer (ETS)-derived reads from the 45S rRNA precursor, an indirect proxy of rRNA transcription, did not suggest robust rRNA transcription in 1-cell embryos because the amount of 5 0 ETS-derived reads in MII eggs was actually greater than that in 1-cell embryos ( Supplementary Fig S2A) . However, in agreement with rDNA transcription initiating during the 2-cell stage (Zatsepina et al, 2003) , we observed a~fivefold increase in the number of 5 0 ETS-derived reads between the 1-cell and 2-cell stages and a further more dramatic increase between 2-cell and 4-cell stages ( Supplementary Fig S2B) . Unsupervised clustering of the samples based on reads mapping to exon sequences showed that the 1-cell embryo mRNA transcriptome was very similar to that of MII eggs and that DRB treatment had little apparent effect on the transcriptome (Fig 1B) . These results are consistent with previous transcriptome studies (Hamatani et al, 2004; Wang et al, 2004; Zeng & Schultz, 2005) and are further supported by quantification of reads mapping to exons in MII eggs, 1-cell, and 1-cell + DRB samples (Fig 1C and 1D ) lending confidence that new insights obtained from our HTS approach are warranted and not an experimental artifact.
The most notable change in the 1-cell RNA population relative to that of MII eggs was a widespread occurrence of individual, rarely overlapping, DRB-sensitive reads whose density rarely exceeded a few reads per locus (~0.1 counts per million (CPM), hence referred to as low CPM reads hereafter). In a display of a larger genomic region, low CPM reads appeared as an unevenly distributed 'grass in a forest' (Fig 2 and Supplementary Fig S3) . Low CPM reads appeared more frequently within gene-rich regions but were readily found in intergenic regions (Fig 2A and Supplementary Fig S3A) . Although low CPM reads were also observed at later embryonic stages, their appearance was not as uniform and striking as in 1-cell embryos.
Because the presence of low CPM reads became readily apparent when sequences present in MII eggs were masked (Fig 2B) , we examined the annotated proximal end of the Y chromosome (~3 Mb) (Fig 2C) . Transcripts detected from this region must be of zygotic origin, and thus, low CPM reads would not be obscured by maternal mRNAs. Indeed, Y-chromosome-derived, DRB-sensitive low CPM reads were readily observed in the 76PE dataset (Fig 2C) , and low CPM reads were also found in 50SE data (Park et al, 2013) ( Supplementary Fig S3B) . Given that the low CPM reads originated from genes as well as intergenic regions, we explored these two transcript categories separately.
Widespread intergenic transcription in 1-cell embryos
The occurrence of low CPM reads in intergenic regions was first confirmed by quantitative analysis. We divided intergenic regions across the entire genome into 1-kb segments and determined the number of segments to which at least a single read was uniquely mapped. The number of 1-kb loci harboring uniquely mapped reads was threefold higher in 1-cell embryos than in MII eggs (Fig 3A) . This number decreased gradually with development and reached levels similar to those of MII eggs at the morula stage (Fig 3A) , while the number of loci harboring uniquely mapped reads in DRBtreated 1-cell embryos remained similar to that in MII eggs. Furthermore, aphidicolin treatment of 2-cell embryos to inhibit the DNA replication restored the number of loci to the level observed in 1-cell embryos. These results suggest the presence of a transcriptionally permissive state in 1-cell embryos might be governed by the same mechanisms that regulate expression of plasmid-borne reporter genes during this period of development and the 2-cell stage (Wiekowski et al, 1991; Majumder et al, 1993) .
Intergenic transcripts yielding low CPM reads could be either short (i.e., one read or pair of reads would represent one short transcription unit) or they could be fragments of rare long transcripts (i.e., one transcript would yield multiple sequenced fragments, most of which would be far from the actual transcription start site). Two observations suggest some intergenic low CPM reads were derived from fragmented long transcripts. First, when the sequenced libraries were combined to achieve greater depth, low CPM reads representing discrete short transcriptional units did not overlap but rather were more densely populated over a larger area (Supplementary Fig S3A) . Second, numerous transcribed intergenic regions at the 1-cell stage correlated with downstream regions of several different retrotransposons whose transcription at the 2-cell stage apparently invaded their neighborhood.
Repetitive sequences represent a source of potential promoters for intergenic transcription. Accordingly, we analyzed repetitive element-derived reads and found that the 1-cell stage contained the highest frequency of retrotransposon-derived reads among all the samples (Fig 3B) . The increase in retrotransposon-derived read abundance between MII and 1-cell stage was DRB-sensitive and involved all major classes of retrotransposons (LINE, LTR, and SINE). Consistent with the development of a DNA replicationdependent transcriptionally repressive environment in 2-cell embryos, aphidicolin treatment resulted in higher frequency of retrotransposon-derived reads (Fig 3B) . When examined individually, different retrotransposons showed diverse patterns of expression and various levels of transcription at the 1-cell stage ( Fig 3C and Supplementary Fig S4A) .
The best example of a retrotransposon-supplied promoter producing long intergenic transcripts was the type L mouse endogenous retrovirus (MuERV-L). Transcription of MuERV-L is detected in 1-cell embryos and is very high in 2-cell embryos (Kigami et al, 2003; Svoboda et al, 2004) , and was confirmed by our HTS data ( Supplementary Fig S4B) . Strikingly, a genomic flank on one side of MuERV-L appeared transcribed up to 200 kb downstream of the element ( Fig 3D and Supplementary Fig S4B) . In 1-cell embryos, we did not observe high read density over the retrotransposon but saw low CPM reads within the same area as in 2-cell embryos (Fig 3D, Supplementary Fig S4B and C) . This feature of MuERV-L elements seemed a general feature that yielded a prominent pattern that became apparent when sequencing data from larger genomic regions were displayed ( Supplementary Fig S4B) .
To confirm intergenic transcription in 1-cell embryos, we selected two intergenic regions for which reads were uniquely A Quantitative analysis of transcription from intergenic regions in oocytes and preimplantation embryos. Intergenic regions were divided into 1-kb segments across the whole genome, and the number of segments to which at least a single read was uniquely mapped was determined.
Results suggest that treatment of 1-cell embryos with DRB reduced the number of segments yielding intergenic transcripts. In contrast, treatment of 2-cell embryos with aphidicolin (Aph.) prevented reduction of the number of segments yielding intergenic transcripts. Bars representing samples treated with DRB and aphidicolin are gray to distinguish results from treated embryos and from the normal course of preimplantation development. An asterisk indicates a significant difference by chi-square test (P < 0.05). B Frequency of reads derived from mobile elements. Association of reads with a particular class of mobile DNA in each sample was determined by RepeatMasker and is displayed as a percentage of those reads in each library. C Relative changes of expression of four specific retrotransposons. Relative expression for each retrotransposon was calculated from RPKMs where expression in 1-cell embryos was set to one. D MuERV-L retrotransposons asymmetrically neighbor higher frequency of low CPM reads in large intergenic regions. Shown is an example of MuERV-L located in an intergenic region, which is not maternally expressed and becomes highly transcribed during zygotic genome activation at the 2-cell stage. A part of its transcription apparently invades almost 150 kb of its genomic flank, whereas the same region downstream of the MuERV-L yields higher frequency of low CPM reads in 1-cell stage in DRB-dependent manner. This pattern is most apparent for MuERV (see also Supplementary Fig S4B) , but MT2 and ORR1AO insertions can also produce a similar asymmetric pattern (data not shown). The vertical scale was trimmed at 0.5 CPM; trimming is indicated by horizontal dashed lines. 
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The EMBO Journal mapped in 1-cell embryos but not MII eggs and examined their expression by RT-PCR. One of these intergenic regions was not MuERV-associated (locus #1), whereas the other was downstream of an MuERV-L element (locus #2) ( Supplementary Fig S4C) . We first confirmed that transcription of these intergenic regions occurred only in 1-cell embryos but not in MII eggs or 1-cell embryos treated with DRB ( Fig 3E) . We also observed that their expression decreased by the 2-cell stage but remained high when DNA replication was inhibited ( Fig 3F) . Taken together, these results suggest that a transcriptionally permissive state fosters promiscuous expression from intergenic regions in 1-cell embryos and includes retrotransposon transcription. Subsequently, promiscuous expression at the 2-cell stage is inhibited in DNA replication-dependent manner.
Core-promoter element-independent transcription in 1-cell embryos
To identify sequence features controlling 1-cell transcription, we constructed pGL3 luciferase vectors containing the promoter region of the Zp3 or Tktl1 gene (pGL3-Zp3 or pGL3-Tktl1, respectively), which are expressed in growing oocytes or embryos at the 1-and 2-cell stages, respectively (Hamamoto et al, 2014) . These constructs, in principle, allow to test whether transcription in 1-cell embryos can initiate at 'maternal' (active only in the oocyte) and/or at 'zygotic' (active in preimplantation embryos) promoters. As a negative control, we used the original pGL3 luciferase vector lacking the gene promoter (pGL3-Basic). Growing oocytes microinjected with pGL3-Zp3 showed a significant level of luciferase activity as expected, whereas 1-cell embryos did not (Fig 4A) . Surprisingly, the pGL3-Basic vector supported luciferase activity in 1-cell embryos but not in oocytes at a level comparable to that of pGL3-Zp3 in oocytes (Fig 4A) . A corresponding observation was made when the transcriptional activity of pGL3-Tktl1 and pGL3-Basic was examined in 1-and 2-cell embryos (Fig 4B) . A Transcriptional activity in pGL3-Basic vector lacking a promoter in oocytes and 1-cell embryos. pGL3 vector with the Zp3 or no promoter sequence (pGL3-Zp3 or pGL3-Basic vector, respectively) was injected into the nuclei of growing oocytes or the male pronucleus of 1-cell embryos. After 8 h, luciferase activity was measured. Data are expressed as mean AE SEM (n = 3) and were analyzed using Student's t-test. Asterisks indicate significant differences (P < 0.05). B Transcriptional activity in pGL3-Basic vector lacking a promoter in 1-cell and 2-cell embryos. The analysis was performed similarly as in (A), except a pGL3 vector with the Tktl1 promoter (pGL3-Tktl1) replaced pGL3-Zp3 and the experiment was performed in 1-cell and 2-cell embryos. Data are expressed as mean AE SEM (n = 3) and were analyzed using Student's t-test. Asterisks indicate significant differences (P < 0.05). C Determination of the transcriptional start sites (TSSs) of the pGL3-Basic vector by 5 0 RACE. The 5 0 RACE technique generated two major DNA fragments of~900 and 500 bp. Black arrowheads indicate the 500-and 900-bp positions after gel electrophoresis; white arrowheads show the major products of 5 0 RACE (TSS#1 and TSS#2).
D Schematic depiction of results from sequencing of seven and eight randomly selected RACE-derived cDNA clones of TSS#1 and TSS#2, respectively, which indicated two and five TSSs for TSS#1 (TSS#1-1 and TSS#1-2) and TSS#2 (TSS#2-1, TSS#2-2, TSS#2-3, TSS#2-4, and TSS#2-5), respectively, in the pGL3-Basic vector. Black lines represent the regions of pGL3-Basic vector corresponding to the results of DNA sequencing. Gray bars represent those of pGL3-Basic vector that were not found in the results of DNA sequencing. TPS represents the transcriptional pause site, a polyadenylation signal site. MCS represents the multi-cloning site. E Analysis of promoter activity in the upstream regions of identified TSSs in the pGL3-Basic vector. The 76-bp regions upstream of the TSSs shown in (D) were inserted into the pEluc vector; virtually no luciferase activity is produced in 1-cell embryos microinjected with the pEluc vector (Hamamoto et al, 2014) . The vectors were injected into the male pronucleus of 1-cell embryos, and luciferase activity was measured after 8 h. The experiments were performed three times. The data are presented as mean AE SEM and were analyzed using Student's t-test. Asterisks indicate significant differences between the sample without injection (no injection) and the other samples (P < 0.05). F GC content in the pGL3-Basic vector. The percentage GC content was determined using a 30-bp sliding window analysis with a 1-bp shift.
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These results suggested that the pGL3-Basic vector contains a cryptic promoter sequence upstream of the luciferase-coding region to support transcription in 1-cell embryos. To locate the corresponding transcriptional start site (TSS) in the pGL3-Basic vector, we performed 5 0 RACE. We found two major amplicons~900 and 500 bp long [designated as products #1 and #2, respectively (Fig 4C) ]. These amplicons were cloned, and randomly selected clones were sequenced. cDNA fragments of several sizes were present in the two 5 0 RACE products (Fig 4D) . Product #1 contained 935-and 898-bp cDNA fragments, indicating that the TSSs corresponding to these products were located 778 and 741 bp upstream of the Luc-coding region and were designated TSS#1-1 and TSS#1-2, respectively ( Fig 4D) . Product #2 included 499-, 497-, 462-, 460-, and 457-bp cDNA fragments. Transcripts corresponding to these cDNAs were spliced, and their TSSs were located 1,621, 1,619, 1,584, 1,582, and 1,579 bp upstream of the Luc-coding region and designated TSS#2-1, TSS#2-2, TSS#2-3, TSS#2-4, and TSS#2-5, respectively. Interestingly, product #1 sequences retained an intron, which was spliced out in product #2 (Fig 4D) . We also noted that these TSSs were located upstream of the transcriptional pause site (TPS) (Enriquez-Harris et al, 1991), which harbors the consensus sequence of the polyadenylation signal located upstream of the Luc-coding region that reduces luciferase activity derived from background transcription (Fig 4D) , suggesting that transcription starting from these TSSs was not efficiently terminated by the TPS. Therefore, it was formally possible that transcription initiated at TSS#1 or TSS#2 in the growing oocytes and 2-cell embryos, as well as in 1-cell embryos, but was terminated at the TPS in the oocytes and 2-cell embryos, which resulted in the absence of luciferase activity in these cells. To test this hypothesis, we conducted RT-PCR to detect transcription initiated from TSS#1 and TSS#2. DNA fragments were amplified from 1-cell embryos but not oocytes or 2-cell embryos ( Supplementary Fig S5A) , indicating that transcription starting from these TSSs occurred only in 1-cell embryos.
To identify the promoter sequences employed by 1-cell embryos, we inserted the 76-bp regions upstream of four TSSs TSS#1-1, TSS#1-2, TSS#2-2, and TSS#2-5, into the pEluc vector (Toyobo, Tokyo), which contains tandem polyadenylation signals and completely terminated transcription upstream of the Luc-coding region; there is virtually no luciferase activity in 1-cell embryos microinjected with pEluc vector (Hamamoto et al, 2014) . Interestingly, reporter gene assays of all 76-bp regions upstream of TSS#1-1, TSS#1-2, TSS#2-2, and TSS#2-5 yielded significant luciferase activities (Fig 4E) despite no known proximal or core-promoter elements, that is, upstream promoter elements (GC-box) and core-promoter elements (TATA-box, B recognition element (BRE), initiator (Inr), and downstream promoter element (DPE)), were common to all four 76-bp regions upstream or downstream of these TSSs (Supplementary Fig S5B) .
In mammals, the promoter regions of many genes have a high G/C content and lack a classical TATA-box (Sandelin et al, 2007; Fenouil et al, 2012) . Thus, we searched for G/C-rich regions 76 bp upstream of the aforementioned four TSSs. Using a 30-bp sliding window analysis with a 1-bp shift, we found that all four 76-bp upstream regions contained 30-bp sequences whose G/C contents were > 70% (Fig 4F) . This finding suggests that these regions are involved in transcriptional regulation independent of known core-promoter elements in 1-cell embryos. In addition, the presence of several closely located TSSs suggests that cryptic initiation of transcription can occur without a specific promoter element in 1-cell embryos. Taken together, the plasmid-borne reporter gene analysis suggested that transcription in 1-cell embryos can initiate from sites lacking well-characterized core-promoter elements.
Analysis of genes transcribed in 1-cell embryos Genes transcribed in 1-cell embryos fall into two categories: those that have transcripts also detected in MII eggs and those that are not detected in MII eggs (or their abundance is very low). For the former class, it was difficult to determine whether the gene was transcribed in 1-cell embryos because the maternally derived transcript would represent the bulk of the transcripts present in the 1-cell embryo. Thus, we first focused on the second category. To select expressed mRNAs, we used empirically determined criteria for reads per kilobase per million (RPKM) ≤ 0.04 and RPKM ≥ 0.12 in MII eggs and 1-cell embryos, respectively, combined with a minimal fourfold increase between MII and 1-cell and a fourfold reduction following DRB treatment. In addition, to minimize false positives stemming from processed pseudogenes and reads mapping to short transcripts, we selected only spliced mRNAs > 500 nt long. Using these criteria, we selected 96 candidate genes transcribed in 1-cell embryos (Supplementary Table S2 ). Illustrative examples are found in Fig 5A, and RT-PCR confirmation of their expression is shown in Fig 5B. Interestingly, inspection of each of the 96 candidate genes revealed a frequent occurrence of intron-derived reads in 1-cell embryos. In fact, their density was virtually the same as that observed over exons (Fig 5A) suggesting that our HTS primarily detects nascent transcripts. We decided therefore to use intronderived reads to estimate the number of genes transcribed in 1-cell embryos for which the maternal transcript was still present and thereby prevented detection of exon-derived reads. To select these genes, we used the same criteria for intron-based selection as for mRNA selection. Using these criteria, we identified 4,039 genes transcribed in 1-cell embryos in DRB-dependent manner (Fig 5C and  Supplementary Table S3) . Inspection of individual genes confirmed the presence of widespread synthesis of nascent transcripts and showed that exon-based filtering (Supplementary Table S2 ) also missed many genes whose maternal transcripts were very low but whose expression values for exons fell below the cutoff (Fig 5D) . RT-PCR analysis of several selected genes confirmed their transcription in 1-cell embryos (Fig 5E) .
Microarray data from a panel of~40 mouse tissues (Su et al, 2004 ) revealed variable expression patterns of genes transcribed in 1-cell embryos (Supplementary Fig S6A) . Expression of more than a half of the genes was ubiquitous, whereas a minority exhibited high tissue specificity (Supplementary Fig S6A) . The chromosomal distribution of the 4,039 coding genes suggested that no chromosome was preferentially transcribed (data not shown). Of note is that at least 268 of the 4,039 genes appeared transiently expressed at the 1-cell stage because transcripts were not detected in 4-cell embryos, morulae, and blastocysts, and their RPKM intron values were higher in 1-cell than in 2-cell embryos (Supplementary Table S3 ). Transcription of these genes could reflect that within the promiscuous first wave of transcription, there is embedded transcription of a 
The EMBO Journal subset of genes constituting a part of a 1-cell-specific transcription program ( Supplementary Fig S6B) .
To examine whether transcription in 1-cell embryos represents expression of genes that are expressed during the major wave of zygotic transcription in 2-cell embryos, we superimposed intronic RPKM results onto relative changes observed in 2-cell embryos treated with a-amanitin (Zeng & Schultz, 2005) . This analysis unmasked a remarkably strong relationship between 1-cell transcribed genes and genes whose expression is a-amanitin sensitive in 2-cell embryos (Fig 5F) . Interestingly, inspection of HTS profiles of genes highly sensitive to a-amanitin showed that Psat1, Rps19, and many others, which did not pass our selection criteria and were not RPKMs of introns in 1-cell embryos were more than fourfold greater than those in MII eggs oocytes (red circle), (ii) RPKMs of introns in 1-cell embryos were more than fourfold greater than those in 1-cell embryos treated with DRB, and (iii) the numbers of reads mapped to introns for a gene were ≥ 0.12 RPKM in 1-cell embryos and ≤ 0.04 in MII eggs. D Examples of two genes identified among the 4,039 genes depicted in (C). Figure design is the same as in (A). E RT-PCR analysis of expression of four genes found among the 4,039 genes identified by filtering conditions described in (C). Ctrl amplicon is the same as in (B). F Relationship between the minor and major wave of ZGA. Each point represents one transcript (gene). The y-axis depicts a-amanitin sensitivity in 2-cell embryos [log 2 -fold change inferred from microarray profiling (Zeng & Schultz, 2005) ]. The x-axis depicts 1-cell/MII intron RPKM ratio. Red points represent the 100 most expressed oocyte-specific genes, and blue points represent the 100 most expressed testis-specific genes [tissue specificity and level of expression were inferred from BioGPS source data (Su et al, 2004) ].
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The EMBO Journal Genome activation Ken-ichiro Abe et al included in the list of 4,039 genes, nevertheless appeared transcribed in 1-cell embryos ( Supplementary Fig S6C) . This finding suggested that our filtering was conservative and that transcription in 1-cell embryos occurs in more than 4,000 genes; that is, transcription is broad-based in 1-cell embryos and occurs across the entire genome. Nevertheless, a certain degree of selectivity exists for transcription in 1-cell embryos because analysis of 100 genes highly expressed on MII eggs indicated that most were not transcribed in 1-cell embryos (Fig 5F) . A similar result was found for testis-specific genes (Fig 5F) .
Deficient mRNA processing in 1-cell embryos
As described above, a substantial fraction of RNA sequence reads of genes transcribed in 1-cell embryos contained introns and sequences well beyond where transcription should have terminated. For example, the reads for Klf5 were evenly mapped to introns and exons in 1-cell embryos and beyond the polyA signal (Fig 6A) , although the reads in MII eggs and 1-cell embryos were mapped only to exons of Zp3, an oocyte-specific gene (Philpott et al, 1987) (Fig 6A) . Similar mapping patterns of the reads to introns and beyond polyA signals were identified for many genes (Fig 5A and D) . These results suggest transcripts from genes transcribed in 1-cell embryos are not processed properly, that is, neither spliced nor terminated correctly.
To estimate the efficiency of 3 0 end processing, we compared read frequencies upstream and downstream of polyA sites where the nearest exon was > 10 kb further downstream from the polyA site.
Results of this analysis suggested a high incidence of read-through the termination signal in 1-cell embryos that decreased with development (Fig 6B) . To estimate the efficiency of splicing, we analyzed the relative ratio of exon and intron-derived frequencies among genes transcribed in 1-cell embryos (Fig 6C) and exon-exon/exon-intron localization of paired-end reads (Fig 6D) . Compared to embryos at the 2-cell stage and beyond, 1-cell embryos showed in a DRBdependent manner a high proportion of intron-derived reads as A detailed analysis of all reads mapping to the Klf5 gene identified a single read derived from a spliced Klf5 transcript. Below is shown profile of Zp3, an abundantly expressed oocyte-specific gene with very well defined exonintron boundaries, which are retained also at the 1-cell stage. The vertical scale was trimmed at 0.5 CPM; trimming is indicated by horizontal dashed lines. The blue scale bars represent 10 kb. B Transcription termination analysis. Lines represent median ratios of read counts per kb (RPK) of reads downstream of transcription termination site to exons for gene sets transcribed in 1-cell embryos and subsequent stages but not in MII eggs. Downstream regions for genes with at least one RPK in exons are divided into 1-kb slices, and reads in each slice are counted and divided by the RPK value of the respective exon (point 1, 100%). The 1-cell stage shows higher downstream to exon read ratio indicating the extension of transcription past the polyA site. C Violin plot distributions of intron/exon read count ratios per cell stage for genes not transcribed in MII eggs. Intron and exon read counts were normalized to 1 kb length (RPK) and divided to obtain the read ratio for each region transcribed at the 1-cell stage or later. The 1-cell stage shows a shift toward higher intron/exon ratios indicating that a larger proportion of transcripts contain unspliced intronic regions, compared to the later stages. The MII stage is displayed as control and contains no values. D Comparison of unspliced/spliced read pair ratios per cell stage. Read counts where one end maps to intron/exon junction or entirely in intron and the other end maps to the adjacent exon were labeled as 'unspliced'. The 'spliced' pairs were selected so that the one end maps either to the splice site and covers two adjacent exons or with each end mapping to separate, adjacent exons. The ratios of unspliced/spliced pair counts normalized to 1-kb length were calculated for all transcribed regions in 1,786 transcripts not expressed at MII and expressed at later stages. The 1-cell stage shows a clear dominance of unspliced reads over the spliced ones, indicating the increased incidence of intron retention in sequenced transcripts. 
The EMBO Journal evidenced by the markedly wider violin plot above 0.10 in Fig 6C and a higher ratio of unspliced RNA fragments relatively to spliced ones (Fig 6D) . These latter results strongly suggest that nascent transcripts in 1-cell embryos are very poorly spliced.
To confirm the presence of unspliced transcripts in 1-cell embryos, we conducted RT-PCR using primer sets for the Klf5, Nid2, and Mxra7 genes. The primer sets were designed within a single exon (primer set PCR A) or across the splicing junction (primer set PCR B) (Fig 7A) . All three PCR B products were detected in the 1-cell embryos. Although the amount of product derived from PCR A was higher in 2-cell embryos than in 1-cell embryos, the amount of product obtained from PCR B was markedly higher in 1-cell embryos, suggesting a deficiency in mRNA splicing (Fig 7A) . To ascertain whether the deficiency in splicing was restricted to the 1-cell stage, we microinjected a ftz pre-mRNA, which was composed of two exons sandwiching an intron, into the nucleus of growing oocytes, and 1-and 2-cell embryos and examined whether the premRNA was spliced into mature mRNA (Fig 7B) . The mature mRNA was readily detected in oocytes and 2-cell embryos but not in 1-cell embryos.
The male pronucleus (PN) supports a higher level of transcription than the female PN (Henery et al, 1995; Aoki et al, 1997) . Thus, it was formally possible that splicing occurs in the female PN but was not detected. To address this issue, we generated parthenogenetic embryos and examined the occurrence of unspliced Klf5, Nid2, Mxra7, and Sord transcripts. We readily detected unspliced transcripts in the parthenogenotes (Supplementary Fig S7A) , suggesting that inefficient splicing was not specific to male pronuclei. Importantly, 50SE data (Park et al, 2013 ) also detected unspliced Klf5, Nid2, Mxra7, and Sord transcripts ( Supplementary Fig  S7B) , corroborating reduced efficiency of posttranscriptional processing (Supplementary Fig S8) . Of note is that 50SE data from 1-cell parthenogenotes also supported reduced posttranscriptional processing in female PN ( Supplementary Fig S8B and C) .
Finally, we examined the distribution of SC-35 in oocytes, 1-cell embryos, and later embryonic stages. SC-35 is a component of nuclear speckles, which are associated with storage of splicing factors required for pre-mRNA splicing (Huang & Spector, 1992; Kim et al, 2011) . Interestingly, whereas male and female pronuclei yielded comparable signal, they both lacked nuclear speckles. In contrast, nuclear speckles were clearly observed in growing oocytes, and 2-cell and 4-cell embryos (Fig 7C) . These results suggest that the splicing machinery might not be fully formed or functions inefficiently in 1-cell embryos.
Discussion
Despite variable timing, ZGA in vertebrates occurs in a similar manner in which an initial minor ZGA wave is followed by a major A C B Figure 7 . Inefficient splicing in 1-cell embryos.
A RT-PCR analysis of unspliced introns. Upper portion shows the locations for which primer pairs were designed. Lower portion depicts results of an RT-PCR analysis using the primer pairs described in the upper diagram. B Upper diagrams show the structures of pre-and mature ftz mRNAs. Synthesized ftz pre-mRNA was microinjected into growing oocytes, and 1-and 2-cell-stage embryos. Lower portion shows the results of RT-PCR using primer pairs for exons 1 (forward) and 2 (reverse). The EMBO Journal Genome activation Ken-ichiro Abe et al second wave. Although the major burst of zygotic expression is well characterized in mice (Schultz, 2002; Zeng & Schultz, 2005) , Xenopus (Paranjpe et al, 2013) , and zebrafish (Haberle et al, 2014) , little is known about the identity of the first transcripts expressed during the initial wave, except for zebrafish (Heyn et al, 2014) . In mice, the first cleavage separates the earliest transcription from the major wave of transcription and reprogramming of gene expression, which takes place in 2-cell embryos. The transcription in 1-cell embryos, however, still remains poorly understood two decades since its discovery (Matsumoto et al, 1994) . Here, we provide genome-wide characterization of the initial transcription wave during mammalian ZGA. We used HTS to explore the dynamics of total RNA composition during oocyte-to-embryo transition, focusing primarily on the 1-cell transcriptome. By using total RNA, we obtained a comprehensive and well-mapped dataset that provides information beyond the poly(A) RNA fraction, whose analysis is prone to artifacts. For example, 14 minor ZGA genes identified in mouse and human embryos using poly(A) RNA HTS (Xue et al, 2013) are maternally expressed and not upregulated in either Park et al (2013) or in our dataset (data not shown).
We find that transcription in 1-cell embryos has unique features consistent with genome-wide, promiscuous, and low-level transcriptional activation uncoupled from efficient production of functional mRNAs. This transcription manifests as low CPM reads, whose analysis is limited by their amount. The following lines of evidence argue that these low-abundance reads are not an experimental artifact but originate from transcripts synthesized in 1-cell embryos and reflect genome-wide transcription during the minor transcription wave: (i) The low CPM reads are reproducible and their presence is strongly reduced following DRB treatment. (ii) The distribution of these reads is not random; they are partially associated with genes and specific repetitive elements. (iii) By increasing depth of the data (by combining HTS data from the same stage), gaps were filled between clustered low CPM reads rather than generating distinct peaks or equalizing low CPM read distribution across the genome. (iv) The presence of newly synthesized RNAs from intergenic and gene regions was detected by RT-PCR. (v) Comparable results were obtained when examining a previously published 50SE SOLiD HTS MII, 1-cell and 2-cell data, which provide better sequencing depth (~1 × 10 8 total mapped reads after rRNA subtraction from 1-cell embryos vs.~2 × 10 7 total non-rRNA reads from 1-cell embryos in our dataset) (Park et al, 2013) . Remarkably, the 50SE dataset offers only a partially improved coverage of novel transcripts in 1-cell samples and does not permit either reliable annotation of transcription start sites in 1-cell embryos or for assembly of minor ZGA transcript sequences. Thus, reliable annotation and assembly of intergenic transcripts appearing during minor ZGA will likely require a sequencing depth larger than in current datasets and paired-end sequencing. Three types of promoters seem to function in 1-cell embryos: promoters of protein coding genes, promoters of various retrotransposons, and cryptic promoters lacking a defined promoter structure. Although HTS data do not allow reliable determination of TSS positions and minimal promoter features required for transcription in 1-cell embryos, transcription factors available in the zygote likely provide some degree of selectivity. These transcription factors would explain why many genes expressed during the major ZGA wave are transcribed in 1-cell embryos whereas highly expressed maternal and testis-specific genes are poorly transcribed (Fig 5F) . We speculate that spurious transcription from oocyte-specific promoters is absent in 1-cell embryos because oocyte-specific transcription factors are no longer present and their absence would facilitate reprogramming of gene expression during OET. According to this model, spurious transcription is sufficient for luciferase expression from a promoterless vector in 1-cell embryos, whereas insertion of the Zp3 promoter would have a suppressive effect.
The dynamic chromatin structure at 1-cell embryos is likely a key factor underlying the transcriptionally permissive state. A more relaxed chromatin structure in 1-cell embryos than at later developmental stages offers an explanation that transcription in 1-cell embryos does not require defined core-promoter elements as well as the genome-wide opportunistic transcription occurring in genes, retrotransposons, and intergenic regions. Such a developmental change likely underlies the lack of a requirement for an enhancer for expression in 1-cell embryos and why enhancers stimulate transcription starting at the 2-cell stage, a requirement that is relieved by histone hyperacetylation (Wiekowski et al, 1991 (Wiekowski et al, , 1993 Majumder et al, 1993; Schultz, 1993) ; transcription factors require enhancers to access promoters in repressive chromatin and corepromoter elements are essential for stable transcription in eukaryotic cells (Smale & Kadonaga, 2003) . Consistent with these findings is that genomic DNA is more sensitive to DNase I at the 1-cell than the 2-cell stage (Cho et al, 2002) , suggesting that chromatin in 1-cell embryos is less compact, that is, less mature, than at later developmental stages. Also, consistent with such a developmental change in chromatin structure is that histone mobility is much higher in 1-cell embryos than in 2-cell embryos (Aoki, unpublished results) . Such promiscuous transcription in 1-cell embryos, however, also presents a threat to genome integrity and an obstacle to establish a specific gene expression pattern required for continued development. Inefficient posttranscriptional processing in 1-cell embryos may therefore confer a protective mechanism against a promiscuous expression. Noteworthy is that a recent report suggests that the earliest transcribed zygotic genes in the zebrafish are intron poor (Heyn et al, 2014) . In light of our result, it is possible to speculate that functionally relevant intron-poor genes might be actually selected for because they would have a higher chance to produce functional transcript than genes with multiple introns.
That 1-cell transcription may not produce translated/translatable transcripts has been previously suggested, but processing of nascent endogenous transcripts from 1-cell embryos was never examined in depth. For example, protein synthesis from a paternally provided gene is observed only at the 2-cell stage (Matsumoto et al, 1994) , and mRNAs from endogenous genes were first detected by microarrays at the 2-cell stage (Zeng & Schultz, 2005) . Transcripts with intronic sequences have also been detected in bovine preimplantation embryos during the course of genome activation (Graf et al, 2014) . We find that the 1-cell HTS library contains an unusually high proportion of sequences derived from intronic sequences as well as a high occurrence of unspliced RNAs. Inefficient splicing is not restricted to the male PN as parthogenetic zygotes also fail to splice efficiently nascent transcripts.
One-cell embryos do splice nascent transcripts, albeit poorly, as evidenced by occasional reads mapping across exon-exon junctions in genes present in MII eggs. In addition, the spliced transcripts are produced from microinjected plasmid reporters (Fig 4D and Zeng & Schultz, 2005) . Although the splice sites in Fig 4D are , in fact, cryptic (which would still support the notion of aberrant posttranscriptional processing), the physiological relevance of splicing observed upon microinjection of thousands of copies of extrachromosomal DNA is unclear. Furthermore, splicing was not the only posttranscriptional process that was impaired in 1-cell embryos. We also find that transcription readily passes through polyadenylation sites without accumulation of properly terminated transcripts. A combination of reduced efficiency of splicing and polyadenylation (as well as activation of cryptic splice sites) could provide a robust barrier that minimizes the risk of retrotransposition and aberrant gene expression at a time when the embryo is most susceptible to such risk.
ftz pre-mRNA microinjection into oocytes and 1-cell and 2-cell embryos (Fig 7B) provides strong evidence that splicing of nascent transcripts in 1-cell embryos is inefficient, but the molecular basis for inefficient splicing is unclear. The observed absence of SC-35-containing nuclear speckles, which retain pre-mRNA splicing factors (Spector & Lamond, 2011) , could either be a cause or consequence of dysfunctional splicing. Inefficient splicing could also be a consequence of the chromatin composition in 1-cell embryos. Exons contain biased chromatin signatures (Spies et al, 2009 ). As our understanding of the relationship between splicing and chromatin structure evolves (reviewed in Bentley, 2014; de Almeida & Carmo-Fonseca, 2014) , genome-wide acquisition of splicing linked to chromatin remodeling in early embryos offers an interesting model for further testing.
Finally, our results provide novel insights into the question of importance of 1-cell transcription. Inhibiting transcription starting at the 1-cell stage with a-amanitin does not prevent cleavage to the 2-cell stage but does inhibit cleavage to the 4-cell stage (Warner & Versteegh, 1974) . Unfortunately, the irreversible nature of a-amanitin inhibition does not allow to demonstrate importance of transcription in 1-cell embryos per se. Interestingly, when 1-cell embryos are cultured in the presence of DRB until the early 2-cell stage and then transferred to DRB-free medium, development arrests at the 2-cell stage (Aoki, unpublished observations) . These findings imply that transcription in 1-cell embryos is essential for the development. Thus, it is possible that, despite inefficient posttranscriptional processing, some 1-cell transcripts are functional-either producing proteins or functioning as untranslated long noncoding RNAs. Noncoding RNAs, some of which do not require splicing (Hutchinson et al, 2007) , can play essential roles in various cellular processes, including regulation of chromatin structure in early embryos (Casanova et al, 2013) . Finally, it is important to consider that transcription per se (and not its products) in 1-cell embryos is important for proper maturation of chromatin. Numerous examples have been shown where the polymerase II complex changes chromatin structure, from nucleosome repositioning, replacement histone deposition, to changes of histone modifications, which include acetylation (reviewed in Butler & Dent, 2012; Das & Tyler, 2013; Weber & Henikoff, 2014) . In this model, transcription and chromatin during the minor ZGA form a feedback loop where open chromatin promotes genome-wide pioneering transcription uncoupled from posttranscriptional processing. Pioneering transcription in turn facilitates chromatin remodeling that leads to a properly established chromatin structure and functional posttranscriptional processing during the major ZGA in 2-cell embryos.
Materials and Methods
Collection and culture of oocytes and embryos
Growing oocytes were obtained from 12-to 14-day-old B6D2F1 mice (SLC Japan). The ovaries were transferred to HEPES-buffered KSOM and punctured with a 30-gauge needle. Liberated oocytes with attached follicle cells were harvested, and the follicle cells were gently removed using a narrow-bore glass pipette. The oocytes were then transferred into a-minimal essential medium (a-MEM; Life Technologies, Inc., Grand Island, NY, USA) containing 5% fetal bovine serum and 10 ng/ml epidermal growth factor (both from Sigma-Aldrich).
Metaphase II-arrested eggs (MII eggs) were obtained from superovulated 3-week-old C57BL6/J and B6D2F1 female mice (SLC Japan, Shizuoka) that were first injected intraperitoneally with 5 IU of equine chorionic gonadotropin (eCG; ASKA Pharmaceutical Co., Tokyo, Japan) followed 48 h later with 5 IU of human chorionic gonadotropin (hCG; ASKA Pharmaceutical). MII eggs were collected from the ampullae of oviducts 15 h post-hCG injection and transferred to human tubal fluid medium (Lawitts & Biggers, 1993) supplemented with 10 mg/ml BSA (Sigma-Aldrich, Saint Louis, MO, USA). The eggs derived from C57BL6/J and B6D2F1 mice were inseminated with spermatozoa obtained from the caudal epididymis of adult C57BL6/J and ICR mice (SLC Japan), respectively. The spermatozoa were incubated for 2 h in TYH medium (Toyoda et al, 1971) and human tubal fluid medium supplemented with 10 mg/ml BSA for the eggs from C57BL6/J and B6D2F1 female mice, respectively, in an atmosphere of 5% CO 2 /95% air at 38°C prior to use for insemination. Four to six hours after insemination, the eggs were washed and cultured in potassium simplex optimized medium (Quinn & Begley, 1984) . The 1-, 2-, and 4-cell-, and morula-and blastocyst-stage embryos were collected at 13, 32, 48, 72, and 96 h after insemination, respectively.
For DRB and aphidicolin treatment, 1-cell embryos were transferred into KSOM containing 120 lM DRB (Sigma-Aldrich) or 3 lg/ml aphidicolin (Sigma-Aldrich) at 4 (before initiation of transcription (Aoki et al, 1997) ) or 16 h post-insemination (embryos enter M phase at 16 h after insemination), respectively.
RNA extraction, preparation of the RNA-Seq library, and HTS Total RNA was extracted from 3,000, 3,000, 4,500, 2,800, 1,400, and 700 MII eggs, 1-, 2-, and 4-cell embryos, morulae, and blastocysts obtained from C57BL6/J mice, respectively, using Isogen (Nippon Gene, Tokyo, Japan), according to the manufacturer's instructions. In the second trials for MII eggs and 1-cell embryos, similar numbers of cells used for the first trials were used for RNA extraction. RNA quality analysis and size-selection (> 200 nt) were performed on the Bioanalyzer RNA Pico Chip (Agilent Technologies, Santa Clara, CA, USA). RNA-Seq libraries were constructed using the mRNA-Seq Sample Preparation Kit (Illumina, San Diego, CA, USA) without selection of polyadenylated RNA. Briefly, size-selected total RNA was fragmented to 40-900-nt fragments in fragmentation buffer at 94°C for 5 min, reverse-transcribed with random primers, and ligated with adaptors. cDNA templates were amplified by PCR in the conditions as follows: the initial heat treatment at 98°C for 30 s followed by 15 cycles of 98°C for 10 s, 65°C for 30 s, 72°C for The EMBO Journal Genome activation Ken-ichiro Abe et al 30 s, and final treatment of 72°C for 5 min. RNA-Seq libraries were subjected to sequencing using Genome Analyzer IIx (Illumina), and 35-nt single-end and 76-nt paired-end sequencing reads were mapped on the mouse genome. The data were deposited into the ArrayExpress database under reference #E-MTAB-2950. Additional details concerning read mapping and bioinformatics analyses can be found in Supplementary Experimental Procedures.
Reverse transcription and polymerase chain reaction Total RNA was isolated from 100 MII eggs and embryos using Isogen (Nippon Gene) and treated with RQ1 RNase-Free DNase (Promega, Madison, WI, USA) according to the manufacturer's instructions. As an external control, 50 pg rabbit globin mRNA was added prior to total RNA isolation. The isolated total RNA was subjected to reverse transcription using a PrimeScript RT-PCR kit (Takara Bio Inc., Otsu, Japan) according to the manufacturer's instructions. PCR was performed in a thermal cycler (iCycler; BioRad, Berkeley, CA, Japan) using Ex Taq DNA polymerase (Takara) with 35-38 cycles of 95°C for 30 s, 57-60°C for 30 s, and 72°C for 60 s. After the electrophoresis on an agarose gel, the PCR products were stained with ethidium bromide. The primers and PCR conditions are shown in Supplementary Table S4 .
Synthesis and microinjection of ftz pre-mRNA
To prepare truncated ftz pre-mRNAs, pGEM pre-ftz (donated by Mutsuhito Ohno in Kyoto University) was amplified by PCR using a forward primer containing the T7 promoter sequence and a reverse primer containing polyA (40 nt) (Supplementary Table S4 ). PremRNAs were synthesized using in vitro transcription with the mMASSAGE mMACHINE T7 kit (Life Technologies) according to the manufacturer's instructions. Microinjection was performed on an inverted microscope (ECLIPSE TE300; Nicon Corporation, Tokyo, Japan) using a microinjector (IM300; Narishige Co., Ltd, Tokyo, Japan). Synthesized RNA diluted in nuclease-free water was placed on ice until microinjection. Growing oocytes and embryos obtained from B6D2F1 mice were transferred to HEPES-buffered KSOM, and then, the synthesized RNA was injected into the nuclei in growing oocytes, the nuclei in single blastomeres of 2-cell-stage embryos 29 h after insemination and the male PN in 1-cell-stage embryos 10 h after insemination using narrow glass capillaries (GC100 TF-10; Harvard Apparatus Ltd., Kent). The concentration and volume of injected RNA are 200 ng/ll and 5 pl, respectively. After 1 h of culture in a-MEM (oocytes) and KSOM (embryos), the oocytes and embryos were collected in Isogen for reverse transcription and polymerase chain reaction.
Luciferase assay
A total of 10 pl of 200 ng/ll plasmid DNA was injected into the nuclei of growing oocytes, male PN in 1-cell embryos from B6D2F1 mice 7-9 h after insemination, and the nuclei in single blastomeres of 2-cell-stage embryos were injected 25-27 h after insemination. After 8 h of culture in a-MEM (oocytes) and KSOM (embryos), the oocytes and embryos were collected in 25 ll of phosphate-buffered saline (PBS; Takara Bio Inc.) containing 1 mg/ml BSA (0.1% BSA/ PBS) for luciferase assays. Luciferase activity was measured using the ONE-Glo Luciferase Assay System (Promega) and Emerald Luc Luciferase Assay Reagent (Toyobo) for the pGL3-vector and pEluctest vector, respectively, according to the manufacturer's instructions. A total of 30 oocytes or embryos were used in each assay.
Immunostaining
Growing oocytes and embryos were fixed with 4.0% paraformaldehyde (Wako, Osaka, Japan) in PBS for 15 min. After washing three times with PBS/0.1% BSA, the cells were permeabilized with 0.5% Triton X-100 (Wako) in PBS for 15 min and then incubated overnight at 4°C with an anti-SC 35 antibody (Cat#S4045, Sigma-Aldrich) diluted 1/100 in PBS/0.1% BSA. The cells were washed and incubated with Alexa488-conjugated anti-mouse IgG secondary antibody (Invitrogen, Carlsbad, CA, USA) for 1 h at room temperature. After washing, they were mounted in Vectashield (Vector Laboratories, Burlingame, CA, USA) containing 4 0 ,6-diamidino-2-phenylindole (DAPI; Dojindo Laboratories, Kumamoto) for DNA staining. Confocal digital images were collected using a confocal laser scanning microscope (LSM 5 EXCITER; Carl Zeiss MicroImaging GmbH, Oberkochen).
